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Abstract 
Masonry arch bridges exhibit a complex three-dimensional behaviour which is determined by 
the interaction between different structural and non-structu33ral components, including the 
arch barrel, the backfill and the lateral walls. This paper presents an advanced finite-element 
modelling strategy for studying the behaviour of masonry arch bridges under vertical loading 
which combines a mesoscale description of the arch barrel with a plasticity-based continuum 
approach for the fill and the spandrel-walls. The proposed modelling strategy is validated 
against available experimental laboratory test results on masonry arch bridges. Firstly, a 
bridge specimen with a detached spandrel wall is analysed considering a simplified strip 
model. Subsequently, the influence on the bridge response of backfill and arch 
characteristics, loading position, arch shape and abutment movements are investigated 
through a comprehensive parametric study. In the final part of the paper, the results of full 3D 
mesoscale simulations of an arch bridge with attached spandrel walls are presented and 
discussed. The analysis results provide significant information on the complex interaction 
between the different bridge components along the longitudinal and transverse direction, and 
can be used to validate and calibrate simplified approaches for practical assessment of 
masonry arch bridge. 
 1. Introduction 
The realistic behaviour of masonry bridges is determined by the interaction between arch 
barrel, backfill, spandrel- and wing-walls, and masonry piers in the case of multi-span 
bridges. In practical assessment, fill material is considered as a non-structural component and 
its contribution is often neglected or it is allowed for by using simplified approaches. 
However, as confirmed by previous experimental and numerical research [1], the backfill 
plays a critical role spreading the loads applied on the road/rail surface to the arch barrel, and 
it provides transverse resistance and passive pressure to the deformed arch. Thus, a realistic 
representation of the fill behaviour and its interaction with the masonry arch is critical for an 
accurate response prediction of masonry arch bridges. For this reason, the backfill 
contribution has been accounted for since the development of the early 1D nonlinear 
descriptions for masonry bridges, as the finite element (FE) modelling strategies set out by 
Crisfield [2] and Choo et al. [3] using nonlinear beam elements for representing the masonry 
arch and nonlinear axial springs to simulate the backfill. In subsequent research, masonry 
arch and backfill have been represented using different 2D approaches, including 
discontinuous deformation analysis, discrete element techniques and nonlinear FE descriptions 
[4], where 1D nonlinear interface elements have been adopted to represent the interaction 
between the arch and the backfill as well as the development of cracks in the mortar joints of 
the arch. More recently, Cavicchi & Gambarotta [5, 6] investigated the effect of the arch-
backfill interaction on the structural behaviour of multi-span masonry arch bridges using 
nonlinear beams with an elastic-plastic no-tension material model for arches and piers, where 
the backfill has been simulated using a 2D plain strain FE representation with a modified 
Mohr-Coulomb plastic criterion allowing for material nonlinearity. These previous numerical 
descriptions are generally efficient as they are based on 1D or 2D reduced models, but in 
many cases they lead to a crude representation of the actual bridge behaviour, which is 
inherently three-dimensional [7]. More recently, 3D numerical models for masonry bridges 
have been proposed, and a continuous nonlinear FE strategy with solid elements has been 
employed, where the masonry components are represented using a macroscale material model 
which assumes masonry as a homogeneous and isotropic material [8-10], thus neglecting 
the orthotropic texture of masonry. An alternative advanced 3D modelling strategy has been 
put forward by Milani & Lourenço [11], where the masonry components are modelled using a 
homogenised approach with rigid solid elements and nonlinear interfaces, allowing to account 
for masonry orthotropy. 
 In this paper, a detailed 3D description is proposed for masonry bridges utilising a mesoscale 
strategy for brick/block-masonry [12]. In previous research [13, 14], it was shown that this 
advanced modelling strategy enables an accurate response prediction of masonry arches, as it 
takes into account the actual masonry bond, including potential defects in the brickwork, 
without resorting to homogenization techniques as in [11]. This numerical approach is 
extended here to allow for the interaction between arch and backfill. Because of the 
significant computational cost, the proposed detailed description with solid elements for 
masonry units and backfill and 2D nonlinear interface elements for mortar joints is coupled 
with a partitioning approach previously developed at Imperial College [15, 16] allowing for 
parallel processing on High Performance Computing systems. The mesoscale masonry 
model, the elasto-plastic description for the backfill and the partitioning strategy have been 
implemented in ADAPTIC [17], a general finite element code for nonlinear analysis of 
structures under extreme loading conditions, which is used in this study to perform accurate 
numerical simulations of masonry arch bridges. Using the proposed modelling strategy, two 
multi-ring arch bridges, previously tested at the Bolton Institute [18], are modelled in this 
paper. The two bridges are identical except for the spandrel walls, which in one case are 
detached providing only a transverse restraint to the backfill, while in the other case they are 
attached furnishing also a significant contribution to the global stiffness and resistance. 
Numerical predictions are first compared against test results for the case with detached 
spandrel walls, and the results of an extensive parametric study are then presented. This has 
been conducted on a simplified strip bridge model to investigate the influence of the backfill 
and the arch characteristics, the loading position, the arch shape and the abutment movements 
on the bridge response. In the final part of the paper, the results of a full 3D mesoscale 
analysis of the bridge model including the contribution of the spandrel walls are presented 
and discussed to show the unique capabilities of the proposed modelling approach for 
unveiling the complex interaction of the masonry components along the longitudinal and 
transverse direction.  
2. Modelling strategy for masonry bridges 
Accurate modelling of brick/block-masonry should take into account not only the mechanical 
characteristics of units and mortar but also the actual 3D masonry texture. This is disregarded 
in most of the numerical strategies currently used for nonlinear analysis of masonry arches, in 
which the arch domain is represented using 2D models based on the plane strain assumption. 
 While this could be generally acceptable for the analysis of square arches subjected to line 
loads, it may lead to erroneous results when investigating the response of arches under patch 
loads or skew arches exhibiting an inherent 3D response [7]. The adopted numerical strategy 
for brick/block-masonry, which follows the mesoscale description previously developed at 
Imperial College [12], allows for an accurate representation of the actual masonry bond and 
the 3D geometry of any masonry arch including skew arches [13].  
2.1. 3D mesoscale description for masonry arch 
A discrete modelling strategy is used for the masonry arch, where zero-thickness nonlinear 
interface elements are adopted to represent mortar joints and solid elements to model 
masonry units. In this way, typical fracture lines, which characterise the nonlinear response 
up to collapse of masonry arches in masonry bridges under gravity and traffic loading, can be 
represented. These correspond to radial cracks, circumferential cracks leading to ring 
separation in multi-ring arches, and longitudinal cracks caused by transverse bending [7]. 
While the first two types of crack generally take place in mortar joints, longitudinal cracks 
may also pass through masonry units. Thus, nonlinear interface elements are also placed in 
the middle of each bricks to capture potential development of cracks. These are utilised along 
with 20-noded elastic solid elements, formulated according to standard FE procedures [19], 
for representing the brick units. In the following, only the main characteristics of the adopted 
nonlinear interface elements are provided, while more detailed information can be found in 
[12].  
The nonlinear interface elements used to represent mortar joints and capture potential cracks 
in masonry units have 16 nodes, each of which features three translational freedoms. In the 
constitutive model for the adopted interface element, material nonlinearity is taken into 
account employing a cohesive model, which enables an effective representation of damage, 
cracks and plastic separations. In particular, a multi-surface plasticity criterion is utilised with 
two separate yield functions (Figure 1a). Firstly, a hyperbolic plastic surface F1 based on the 
Coulomb slip criterion determines the boundaries of elastic domain in tension and shear 
representing Mode-I and Mode-II fracture, as defined by:   
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where C, ıt and tan׋ are cohesion, tensile strength and tangent of the friction angle for a 
mortar joint or a brick-brick interface. A non-associated flow rule is employed and a plastic 
potential Q1 similar to function F1, but with a different friction angle parameter, is adopted to 
 model the actual dilatancy. This is due to the roughness of the fractured shear surface and can 
be measured in tests on interfaces. The second yield function F2 corresponds to a cap model 
in compression and it is described by another hyperbolic function: 
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where ıc is the compressive strength of masonry while D and ș are material parameters 
governing the shape of the cap surface. 
For a realistic representation of the development of cracks in the brickwork, a work-softening 
plasticity approach is employed and two distinct historical parameters expressed in the form 
of plastic work values, namely Wpl1, Wpl2, are associated with the two yield functions 
governing the degradation of the material parameters. This enables the representation of 
decohesion and loss of friction at the interface. In particular, the tensile strength and the 
friction angle converge to their residual values (material parameters) when Wpl1 approaches 
the Mode-I fracture energy GfI; similarly the cohesion at the interface reaches its residual 
value when Wpl1 converges to the Mode-II fracture energy GfII. Figure1b shows the traction-
separation response in tension, where it can be observed that the use of very large GfI values 
moves towards a perfectly plastic behaviour with no strength degradation in tension. 
2.2. Modelling of backfill 
As in previous research [7-10], the backfill is represented using a continuum strategy with an 
elasto-plastic material description. In particular, 15-noded elasto-plastic tetrahedral elements 
are employed to model the fill domain and a specific plastic criterion is use to describe the 
development of plastic deformations. Backfill in existing masonry bridges is largely made 
from soil materials, thus realistic soil models should be considered for an accurate description 
of the backfill contribution in masonry arch bridges. Numerous constitutive models have 
been proposed for representing the nonlinear behaviour of soil [20], which are generally 
formulated within the elasto-plastic framework utilising different plastic criteria. Usually the 
most advanced models, capable of reproducing the complex soil response with high accuracy, 
require a large number of input parameters which cannot be easily obtained from 
conventional tests. Consequently, in structural simulations aimed at investigating soil-
structure interaction as in the analysis of masonry bridges, simpler isotropic elastic-perfectly-
plastic models, such as the Mohr-Coulomb and the Drucker-Prager models, are usually 
adopted. The first model results from the combination of HookH
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 two inelastic parameters, namely cohesion and friction angle, for defining the plastic surface. 
The Mohr-Coulomb model allows for an accurate description of the soil behaviour at failure, 
but adopting constant Young's modulus and Poisson's ratio values, it provides only an 
approximate linear response prediction before reaching the plastic limit. The Drucker-Prager 
model [21] is a simplification of the Mohr-Coulomb model, as it substitutes the irregular 
hexagonal cone representing the boundaries of the elastic domain with a cylindrical cone in 
the principal stress space providing significant computational advantages. However, as 
traditional soil mechanics predictions are based upon Mohr-Coulomb parameters, which can 
be obtained in standard tests, it is preferable to adopt the Mohr-Coulomb plastic formulation 
also in numerical simulations [20]. Nevertheless, some computational difficulties must be 
solved, mainly to deal with the corners of the yield and plastic potential surfaces. In 
particular, at the edges of the hexagonal cone, the gradients of the yield function and the 
plastic potential as well as the gradient derivatives are not uniquely defined, thus preventing 
the solution of the local plastic problem using standard techniques [22]. In this study, a 
modified Drucker-Prager (DP) yield criterion is developed with enhanced numerical 
robustness. In this respect, the yield surface (Figure 2a) encompasses two smoothly 
intersecting yield functions, the first one being the Drucker-Prager envelope function, while 
the second one is a circular tensile cap which limits the tensile resistance of the material 
while circumventing numerical problems due to the singularity at the apex of the original 
Drucker-Prager yield function. The first yield surface F1,DP and associated plastic potential 
Q1,DP are defined by: 
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I[   and 22JU   depend respectively on the first invariant I1 of the stress 
tensor and the second deviatoric stress invariant J2, while D, k and Dd, kd are material 
parameters determining the shape of the yield and plastic potential surfaces.  
The expression for the second yield surface and plastic potential is given by: 
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where c[  and r  denote the centre and the radius of the circular cap, which are expressed as: 
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where  
In (6) and (7) maxF [d , where max[ indicates the maximum value allowed for [ under isotropic 
tensile stresses. Since the Drucker±Prager yield surface is a smooth version of the Mohr±
Coulomb yield surface, it can be expressed in terms of the cohesion cf and the angle of 
internal friction Mf which are the material parameters for the Mohr±Coulomb yield surface. 
Thus, the Drucker-Prager material parameters can be calculated based on cf and Mf values 
considering the intersection of the Drucker-Prager yield surface either at the outer edges or at 
the inner edges of the Mohr-Coulomb yield surface (Figure 2b) [23]. Intersection at the inner 
edges is usually recommended, which can be obtained by assuming: 
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The values of dD  and dk  can be evaluated by substituting the friction angle Mf with the 
dilatancy angle dM  in (8) and (9). The soil material model described above has been 
implemented in ADAPTIC [17] following the strategy detailed in [24]. To validate the model 
implementation, numerical simulations have been carried out comparing the numerical results 
against analytical predictions found in the literature on the response of a strip footing resting 
on clay [25]. The footing is subjected to a uniformly distributed patch load over a length of 
1570 mm which is increased up to failure. A description with 144 20-noded quadratic solid 
elements restrained along the transverse direction to represent plain strain condition is 
adopted for the soil material. This is characterised by <RXQJ¶V PRGXOXV Ef = 207 MPa, 
 3RLVVRQ¶V UDWLRȞf = 0.3, friction and dilatancy angle If =Id = 20°, and cohesion cf = 0.069 
MPa. Numerical simulations have been performed considering an associated modified DP 
model fitted to the inner and outer edges of the MC yield surfaces, as well as a hyperbolic 
associated MC model [26]. Figure3a shows the deformed shape and the contours of von-
Mises equivalent plastic deformations for a vertical displacement below the footing of 40 mm 
calculated using the DP soil model fitting the inner edges of the MC yield surface. It can be 
seen that plastic deformations localize on slip planes similar to those assumed by Terzaghi for 
evaluating the load carrying capacity of the foundation-soil system [25]. Figure 3b depicts the 
numerical curves obtained employing the different soil elasto-plastic models and representing 
the variation of the maximum vertical displacement under the footing d against the applied 
load q. In the same figure, load bearing capacity predictions for the rigid foundation obtained 
using Prandtl and Terzaghi theories [25] are also shown. It can be seen that the different 
curves show the same elastic response but a different inelastic behaviour. The DP yield 
surface fitted to the outer edges of the MC yield surface leads to a significant overestimation 
of the footing capacity. On the other hand, the DP yield surface fitted to the inner edges of the 
MC yield surface provides a capacity prediction which is quite close to the analytical 
solutions and to the numerical curve obtained employing a MC yield surface. Considering 
these results, the DP yield surface fitted to the inner edges of the MC yield surface is 
employed for representing the plastic behaviour of the backfill in the numerical analysis of 
masonry arch bridges. 
2.3. Arch-backfill interaction and spandrel walls 
The elasto-plastic formulation for soil materials presented in the previous section enables a 
realistic description of the backfill behaviour, but cannot simulate adequately the physical 
interaction at the interface between the fill and the masonry arch. Physical tests on real 
masonry bridges [27, 28] and laboratory models [18, 29] showed that significant sliding at the 
arch-fill interface may develop at collapse together with extensive cracks in the masonry 
components of the bridge. In this respect, a rigid connection among the nodes of the arch and 
the fill at their interface does not enable the representation of potential separation and sliding 
between the two domains, and may also restrain the development of radial and longitudinal 
cracks in the masonry arch. Thus, in the proposed 3D modelling strategy for masonry arch 
bridges, the discrete model with solid elements and nonlinear interfaces for the masonry arch 
is connected to the discretised model of the backfill by nonlinear interface elements, enabling 
relative movements between the two domains. In particular, the FE mesh for the backfill is 
 constructed with the rectangular face of 15-noded solid wedge elements at the bottom of the 
backfill, where it rests on the arch, coincident with the top face of the solid elements 
representing masonry bricks at the extrados of the arch. In this way, as shown in Figure 4, 16-
noded nonlinear interface elements can be easily arranged to connect the two separate 
domains, where one interface element connects the top face of one 20-noded solid element 
modelling a portion of the arch and the bottom rectangular face of the corresponding 15-
noded solid element for the fill. The same nonlinear model employed for representing cracks 
in the brick-masonry mesoscale description is also considered for modelling the nonlinear 
interaction between the backfill and the arch, but with different material properties. This 
corresponds to a phenomenological description, which accounts not only for the frictional 
characteristics of the physical interface between the two domains, but it also describes the 
nonlinear behaviour of a portion of the backfill close to the arch which is subjected to finite 
deformations when large relative movements between the arch and the backfill take place. 
This highly nonlinear behaviour cannot be effectively described using a standard elasto-
plastic material model for the backfill. 
In the proposed 3D numerical description for masonry arch bridges, the contribution of the 
spandrel walls is also taken into account. In this case, only a simplified model is adopted, as 
the use of the same brick-masonry mesoscale description as employed for the masonry arch is 
problematic in the case of spandrel walls. This is due to the specific masonry bond of the 
lateral wall which does not allow a direct connection of the mesoscale mesh for the wall to 
that of the arch, since the faces of the adjacent bricks at the interface of the two masonry 
components are not coincident. Moreover, the use of the mesoscale description for the lateral 
walls would render the connection between the wall and the inner backfill impractical. Thus, 
in the proposed modelling approach, the spandrel wall contribution is modelled using a 
continuum approach, where the FE mesh for each spandrel wall is a simple lateral extension 
of the FE mesh for the backfill, though different material properties are obviously used for 
the walls and backfill. Evidently this can provide only an approximated description of the 
spandrel wall nonlinear response, but it enables an adequate representation of the contribution 
of the spandrel walls restraining lateral expansion of the backfill, which develops when 
vertical loads are applied on the road/rail supported by the bridge. 
2.4. Domain partitioned approach 
When analysing large masonry structures, the use of the detailed 3D mesoscale strategy for 
brick/block masonry is impractical, because it requires an excessive computational effort. To 
 overcome this intrinsic limitation, an efficient computational strategy for brick/block 
masonry has been recently developed [30], where the mesoscale description is incorporated 
within a novel partitioned modelling approach [15, 16]. This enables realistic response 
predictions also for masonry structures, where the accuracy is guaranteed by the use of a 
detailed mesoscale description at the structural scale. According to this strategy, a large 
masonry component is modelled by a parent structure which comprises super-element 
representing the partitioned subdomains. Dual super-elements are used for modelling the 
partitions as separate processes, where two-way communication between each pair of dual 
parent/child super-elements allows effective parallelisation of the nonlinear structural 
analysis simulation [15, 16]. When applied to modelling masonry bridges, as illustrated in 
Figure 5, the arch and backfill descriptions are included in different partitions and the parent 
structure corresponds to the set of nodes at the partitioned boundary which are located at the 
interface between the two separate domains. Depending on the size of the problem, a 
different number of partitions can be used independently for the two domains to improve 
computational efficiency. 
3. Modelling of bridge with detached spandrel walls 
In this section, a brick-masonry arch bridge specimen with detached spandrel walls 
previously tested at the Bolton Institute [18] is analysed using the proposed modelling 
approach. Firstly, the characteristics of the bridge model and the experimental test set-up are 
described. Subsequently, the results obtained in the numerical simulations are discussed and 
compared against the experimental results.  
3.1. Bridge specimens and experimental test 
In 1995, an experimental programme including tests on four masonry arch barrels and seven 
single span masonry arch bridges was conducted at the Bolton Institute [18]. In particular, 
masonry bridges with 3 m and 5 m span were subjected to vertical line loads up to collapse. 
In this section, the response of the bridge specimen named Bridge 3-1 in [18] is investigated 
by using the proposed modelling strategy. The geometry of the bridge, which is characterised 
by detached spandrel walls providing only transverse restraint to the backfill, is sketched in 
Figure 6 and indicated in Table 1. The 3 m span two-ring arch barrel was built according to 
the stretcher method in a segmental circular shape on massive concrete foundations. The arch 
is 215 mm thick and is characterised by a 4:1 span-to-rise ratio with a springing angle of 37°. 
 The spandrel and the wing walls are made of English bond brick-masonry. Full size Class A 
engineering bricks and a 1:2:9 (cement:lime:sand) mortar were used for the brickwork, while 
50 mm graded crushed limestone was adopted for the backfill, filling the space above the 
arch and between the two lateral walls (spandrel and wing walls). 
In the test, a vertical line load was applied at quarter span through a 2600×215 mm2 steel 
loading beam placed on the surface of the backfill and against a reaction frame incorporating 
hollow jacks and three sets of prestressing tendons. The line load uniformly distributed on the 
backfill along almost the full width of the arch was increased monotonically until the failure 
of the bridge specimen. Figure 7 depicts the failure mode of Bridge 3-1 which was due to the 
formation of four large radial cracks (hinges) in the arch mortar radial joints.  
3.2. Model description 
Bridge 3-1 has been represented adopting an efficient strip model with only one set of solid 
elements along the width of the bridge specimen for the arch and the backfill meshes. This 
reduced representation provides accurate results in the case of square arch bridges subjected 
to line loads uniformly distributed along the bridge width [13] enabling an efficient 
representation of the contribution of rigid spandrel walls which are detached from the arch 
barrel but provide transverse confinement to the backfill. Figure 8 shows the proposed 
simplified FE model of the bridge, where the actual masonry bond of the arch on the face of 
the bridge is accurately represented. More specifically, nonlinear interface elements are used 
for describing the circumferential mortar joints connecting the two rings and transverse 
mortar bed joints, which are assumed to be continuous along the radial directions. This is a 
realistic approximation for masonry arches with stretcher bond and relatively short span. On 
the other hand, brick-brick interfaces are not employed in the reduced strip description, and 
only one elastic solid element is utilised for representing each brick unit. The adopted mesh 
for the backfill is not uniform and formed using 15-noded solid elements, where a linear 
refinement has been considered at the abutments, and at the quarter span close to the loading 
area. Moreover, to allow for an accurate modelling of the arch backfill interaction, the FE 
mesh for the backfill is constructed with the rectangular faces of the 15-noded prismatic solid 
elements at the bottom of the backfill coincident with the top face of the solid elements 
representing masonry bricks at the extrados of the arch. Coincident nodes belonging to the 
two domains are then connected by nonlinear interface elements to represent separation and 
frictional sliding at the arch-backfill interface. With regard the model boundary conditions, 
fixed supports have been assumed for the nodes on the two bases of the backfill domain 
 extending beyond the two arch springings. Additionally, the nodes on the two lateral faces of 
the backfill are restrained longitudinally (along x in Figure 8), and the nodes of the arch and 
the backfill on the two longitudinal faces of the bridges are restrained along z (Figure 8). This 
is to prevent transverse deformations within the bridge to model the contribution of the rigid 
lateral walls. 
The FE mesoscale description for the arch encompasses 96 20-noded elastic solid elements 
for the brick units, 94 nonlinear interface elements for the mortar bed joints, 48 nonlinear 
interface elements for the circumferential mortar joints connecting the two adjacent rings and 
48 interface elements for representing the interaction between the arch and the fill. Moreover, 
the backfill domain is represented by 407 15-noded elasto-plastic tetrahedral elements. Thus, 
the bridge is described by a strip-model employing more than 7000 degrees of freedom. To 
improve computational efficiency, the domain partitioning approach is utilised with 7 
partitions and allowing for parallel processing.  
The material tests performed in the experimental program [18] did not provide sufficient 
information on the critical material parameters required by the adopted model. Thus, the 
values of the parameters of the mesoscale model for brick-masonry [13] and of the elasto-
plastic model for the backfill that were not available have been selected from a range of 
typical values, calibrated for a good fit against the experimental results. In particular, a 
<RXQJ¶V PRGXOXV Eb =35000 03D DQG D 3RLVVRQ¶V UDWLR Ȟb = 0.15 are employed for the 
masonry units, and the normal and tangential stiffness values Kn = 400 N/mm3 and Kv = 167 
N/mm3, and the inelastic properties reported in Table 2 are considered for the brick-mortar 
interfaces. Additionally, the masonry compressive strength Vc = 25.9 MPa obtained in 
material tests [18] related to the masonry material used to build the bridge specimen, has been 
considered in all the numerical descriptions. It is worth noting that the elastic properties of 
the solid elements and of the interfaces are such that the equivalent homogenised value of the 
elasticity modulus of the brickwork obtained by employing the approach of Pande [31] is 
16000 MPa, which is the average value of the tests carried out in [17]. The backfill domain, 
consisting of crushed limestone material, is modelled utilising a modified DP criterion fitted 
to the MC inner edges, with <RXQJ¶V PRGXOXV Ef =2 03D 3RLVVRQ¶V UDWLR Ȟf = 0.20, 
cohesion cf = 0.001 MPa, friction angle ĳf = 55°, and dilatancy angle ĳd = 25°. The adopted 
small cohesion value provides a good representation of the cohesionless nature of the backfill 
material used in the physical tests, while ensuring computational robustness. Finally, the 
physical interface between the arch and backfill is modelled by a mesh of nonlinear interface 
 elements with negligible cohesion and tensile strength and a friction angle of 31° (Table 2). 
In the numerical simulations, the contribution of arch and backfill self-weight has been 
considered assuming a unit weight Uf = 22.2 kN/m3 for the fill and Um= 22.7 kN/m3 for 
masonry. 
3.3. Numerical results 
The deformed shape of the strip model at the last step of analysis is depicted in Figure 9. A 
typical four-hinge mechanism with radial cracks below the load, at the two springings and at 
three quarter span can be observed. It offers a realistic and favourable comparison against the 
actual collapse mode depicted in Figure 7. Numerical-experimental comparisons in term of 
the applied load against the vertical displacement measured on the arch at the quarter span are 
shown in Figure 10. A generally good agreement between the experimental and the numerical 
curve (Str. Mod.) is obtained, where the initial stiffness, load capacity and post-peak response 
measured in the test are accurately predicted by the proposed strip-model. Cracking in the 
arch barrel and damage at the interface between the arch and the backfill are shown at 
different loading levels in Figures 11a-e. Radial cracks first appear in the mortar bed joints at 
the quarter span just below the load (Figure 11a). Then cracking develops at the left springing 
(Figure 11b), which is almost simultaneously followed by cracking at the right springing 
(Figure 11c). Finally, the formation of the fourth radial cracks at about the three quarter span 
(Figure 11d) leads to a mechanism when the arch reaches the maximum load. For larger 
displacements (Figure 11e), significant plastic work can be also noticed at the top 
circumferential interface elements which reveals separation and plastic sliding at the interface 
between the arch and the backfill. Figure 12 shows the equivalent von Mises plastic 
deformations in the backfill, when the cracks progressively developed in the masonry arch. It 
can be observed that at low loading levels plastic deformations form below the loading area 
and then, as the load is increased, they develop at the bottom of the fill domain when it 
connects to the right haunch of the arch and close to the arch crown. Finally, plastic 
deformations form at the bottom of the backfill at the three quarter span of the arch. These are 
caused by the pressure exerted by the backfill to the arch (passive pressure) which opposes 
the arch sway. 
3.4. Modelling considerations 
To investigate the influence of the modelling strategy adopted to represent the contribution of 
the backfill and the arch-fill interaction, numerical simulations have been performed 
 comparing the results obtained by the strip-model described in the previous section and those 
achieved using alternative simplified strategies. These include (i) a model which disregards 
the backfill and considers only the contribution of the arch (Arch1), (ii) a numerical 
description where the backfill contribution is represented only as an additional distributed 
load onto the arch (Arch2), (iii) a model where the backfill is described by a continuum 
elastic approach (Str_Ef), and (iv) a model similar to the original strip-model introduced 
before, but with rigid interface elements for describing the arch-fill interaction (Str_Ri). 
Figure 13 compares the load-displacement response obtained using the strip-model and the 
two arch models (e.g. Arch1 and Arch2). Significant differences, mainly in terms of peak load 
and ductility capacity, can be observed. In particular, model Arch1 predicts an ultimate load 
of 150 kN, while model Arch2 obtains a load bearing capacity of 180 kN. Both predictions 
are well below the experimental ultimate load P = 536 kN, which is very close to the peak 
load P = 503 kN predicted by the strip model (Str. Mod.). The difference in the response 
predictions of the two arch models is due to the beneficial effects due to the weight of the 
backfill which are accounted for only in Arch2 model. These results confirm the critical role 
played by the backfill which is not only associated with its self-weight, but it is also due to a 
more complex interaction leading to the load spreading onto the arch and the pressure exerted 
by the fill which opposes the arch sway. These effects, and the enhancement of the global 
ductility capacity, can be captured only by employing an explicit representation of the 
backfill as in the proposed model. 
In Figure 14, the response obtained assuming the backfill as an elastic continuum domain 
(Str_Ef) is compared against the prediction provided by the original strip-model with an 
elasto-plastic backfill. Evidently, Str_Ef predicts an unrealistically high stiffness and strength. 
This points out that the use of a continuum description neglecting material nonlinearity for 
the backfill leads to an unrealistic overestimate of the backfill contribution. In this case, 
cracking in the arch is partially restrained by the backfill and it starts to develop at higher 
load levels. Similar results are obtained when neglecting the development of separation and 
sliding at the arch-backfill physical interface. This is shown in Figure 15, where curve Str_Ri 
has been determined by a strip model where the nonlinear arch is connected to the nonlinear 
fill domain by a mesh of rigid interfaces (e.g. elastic interfaces with Kn = Kv = 1u106 N/mm3). 
 4. Parametric Study  
Further numerical analyses are undertaken here to study the influence of some material and 
geometric characteristics on the response prediction of single span masonry arch bridges up 
to collapse. The brick-masonry bridge specimen analysed in the previous section using a 
strip-model is considered here as the reference structure. In an initial study, masonry arches 
with different backfill characteristics are analysed considering also the influence of defective 
brickwork. Subsequently, the effects due to the loading position, and support movements are 
investigated. The characteristics of the masonry material used in the model validation have 
been used in all the simulations of the parametric investigation, apart from the models with 
defective circumferential joints. In all the cases, this has led to bridge collapse induced by 
masonry failure in shear and tension, but not in compression due to the large compressive 
strength of the masonry material used to build the tested masonry bridge specimen.  
4.1. Influence of backfill material properties 
Numerical simulations have been performed for Bridge 3-1 varying some critical backfill 
material parameters one at a time, including <RXQJ¶V PRGXOXV Ef, cohesion cf and friction 
angle ĳf. Subsequently, the response of the bridge has been obtained considering an 
alternative soil material for the backfill, namely clay, whose parameters have been taken from 
[8]. Figure 16a compares the load-displacement responses determined considering three 
W\SLFDO<RXQJ¶VPRGXOXVYDOXHVIRUWKHEDFNILOO Ef = 50MPa, 200MPa, and 500MPa, while 
Figures 16bc show the percentage variation, with respect to the reference case (N), of the 
load bearing capacity 'LLu, and of the secant stiffness at 40% of the peak load 'Ks. It is 
evident from the results that a variation of Ef within realistic limits leads to a change in the 
load bearing capacity, particularly for values of Ef lower than 200 MPa, and to a more 
significant variation of stiffness. 
Additional numerical analyses have been conducted considering different cohesion values: 
cf = 0.001MPa, 0.01MPa, and 0.1MPa (Figure 17a) and friction angles ĳf = 50°, 55°, and 60° 
(Figure 18a). Increasing the values of these parameters yields a significant increase in the 
load bearing capacity and only small changes of the stiffness. In particular, the top cf and ĳf 
values lead to an increase in the maximum load of 60% and 16% (Figs. 17bc & 18bc), 
respectively, but only to negligible percentage variation of the stiffness.  These results 
confirm that a good estimate of the backfill properties, and in particular of the values of the 
 Young modulus and the cohesion, is paramount for an accurate simulation of the behaviour 
of the backfill and of its contribution to the bridge resistance. 
Finally, the influence of the fill material type has been investigated by considering a cohesive 
material such as clay instead of the originally considered frictional limestone material. In 
particular, the modified DP criterion fitted to the MC inner edges already employed for 
limestone has been used for describing the plastic behaviour of clay, with <RXQJ¶VPRGXOXV
Ef = 5.6 03D3RLVVRQ¶VUDWLRȞf = 0.20, cohesion cf = 0.1 MPa, friction angle ĳf = ĳd = 27°. 
The interface between the arch and the backfill has been described by employing the same 
properties as for the model with frictional limestone material for the backfill. 
The numerical results (Figure 19) show that the masonry bridge with limestone backfill is 
characterised by a higher load capacity. The responses of the two structures are quite similar 
only for low values of the loading (i.e. about the same initial stiffness). For higher loading 
values, the bridge with limestone fill provides an enhanced resistance up to collapse. This is 
the result of the effect on the global resistance of the low value of the Young modulus of clay 
(see Figure 16), which is not sufficiently counterbalanced by the high cohesion. The 
distribution of plastic deformations at the peak load is slightly different for the two cases, as 
plastic deformations in the clay backfill are more diffused, and of higher intensity compared 
to the limestone backfill (Figure 20). On the other hand, the plastic work contours in the 
interface elements (Figure 21) reveal a similar cracking pattern and damage at the interface 
between the arch and the backfill domain. 
 
4.2. Influence of brickwork defects 
The influence of defects in the brickwork has been analysed assuming a weak circumferential 
mortar joint to connect the two rings of the masonry arch as in previous work [14]. The 
material properties for the nonlinear interface elements used to model the weak joints 
consider initial cohesion and tensile strength values 100 times smaller than those of the 
undamaged joints in Table 2 and a friction angle tangent of 0.30.  
Figure 22 compares the numerical load-displacement responses of the two models with strong 
and weak circumferential mortar joints. A notable reduction of the load capacity for the 
bridge with weak joints can observed in the figure, confirming the critical influence of 
defects in the brickwork on the bridge performance at collapse. Figure 23 shows the contours 
 of plastic deformations in the backfill and the plastic work associated with tensile and shear 
failure in the interface elements of the arch at final step of the analysis. Large plastic work 
values can be observed in the circumferential joints connecting the two rings. They develop 
at a very low loading level and extend from the left haunch up to the crown of the bridge, 
indicating ring separation in that portion of the arch. A similar behaviour has been found in 
[14] when analysing the response up to collapse of brick-masonry arches. 
 
4.3. Influence of loading position 
In this section, the effects of the loading position on the structural behaviour of masonry arch 
bridges are analysed. The reference bridge (Bridge 3-1) has been investigated considering (i) 
a live load applied on the top surface of the backfill above the mid-span of the arch barrel 
(Load 1), (ii) a live load at the quarter span (Load 2) and (iii) a live load at one-eighth span 
(Load 3). Figure 24 depicts the three FE meshes and the loading positions investigated in this 
study, while Figure 25 compares the load-displacement curves obtained from the numerical 
analyses. In Figure 26, the plastic work contours in the interface elements of the arch barrel 
are presented. In all the cases, radial cracks develop below the load and at the two springings. 
The numerical curves confirm than the minimum load capacity is reached when the load is 
applied at the one-eighth span. On the other hand, the maximum load capacity is achieved 
when the load is applied at mid-span, which is in agreement with previous numerical results 
[32].  
4.4. Influence of abutment movement 
In this section, the effects of movements at the abutments are investigated. As pointed out by 
Mckibbins et al. [7], differential displacements at the abutments and the piers resulting from 
the instability of the foundations is one of the most common causes of deterioration in 
masonry arch bridges. Three different displacement modes have been considered, specifically 
vertical downward uniform displacements, horizontal inward and horizontal outward 
movements. In the numerical simulations, all the nodes of the left arch springing and at the 
base of the backfill extending from the arch to the left have been subjected to prescribed 
displacements, which have been increased up to collapse. Reaction forces obtained from the 
left abutment bottom surface and the arch left end surface are plotted against the support 
movement in Figure 27. In general, as observed in the case of masonry arches [14], the 
formation of a mechanism is associated with a significant stiffness reduction, leading to a 
 softening branch in the case of the vertical settlement. However, even in this case the 
contribution of the backfill mitigates the force reduction. This is a consequence of the elasto-
plastic behaviour of the backfill, resulting in a more ductile response than that of the arch 
alone.  
Figure 28 depicts the contours of plastic deformations in the backfill, while Figure 29 shows 
the plastic work in the interface elements of the arch. It can be observed that the vertical 
displacement at the left abutment induces the formation of two main radial cracks in the arch 
barrel at about the quarter and the three quarter span. In this case, the plastic deformations in 
the fill form at the arch-fill interface from the crack at the quarter span to the crown of the 
arch and extend to the top of the backfill domain. The failure mode under horizontal inward 
displacements is characterised by three main radial cracks at the two springings and at the 
crown, where a maximum compressive stress of 7.86 MPa develops. It is well below the 
masonry compressive strength indicating that cracking is not associated with masonry 
crushing at the compressed portion of the cracked section. As in previous cases, plastic 
deformations in the backfill propagate above the cracks up to the top of the backfill. Finally, 
when the bridge is subjected to horizontal inward displacement at the left abutment, a local 
failure occurs at the left springing with cracks also in the masonry bed joints at the opposite 
haunch and plastic deformations in the backfill at the left springing and at the arch-fill 
interface at about the three quarter span. 
To evaluate the influence of the differential vertical settlement on the bridge behaviour and 
collapse capacity, Bridge 3-1 model has been subjected to a vertical load at quarter span of 
increasing intensity until collapse, after imposing different initial abutment vertical 
displacements at the left abutment. Figure 30 shows the applied load against the vertical 
displacement measured on the arch at the quarter span for the different settlements 
considered, whereas Figures 31-36 illustrate the plastic work in the interface elements of the 
arch and the contours of plastic deformations in the backfill for different initial vertical 
settlements at the left abutment. It is observed that the initial vertical settlement significantly 
influences the global stiffness, but it does not affect the ultimate load capacity. This is a 
consequence of the elastic-plastic and ductile behaviour of the backfill, which provides a 
significant contribution to the capacity of the system, and allows the redistribution of the 
loads after the formation of the first cracks in the masonry following the initial settlements.  
 5. Modelling of bridge with attached spandrel walls 
In this section, the brick-masonry arch bridge previously tested at the Bolton Institute and 
with attached spandrel walls, denoted as Bridge 3-3 in [18], is analysed using the proposed 
mesoscale partitioned modelling strategy. Bridge 3-3 presents the same geometric and 
material properties of Bridge 3-1, which are given in Figure 6 and indicated in Table 1. The 
only difference is the presence of the spandrel walls of width 330 mm, while the backfill 
width is equal to 2880 mm as in the case of Bridge 3-1. 
Thanks to the symmetry of the bridge response about the vertical plane at the longitudinal 
axis of the bridge, a FE mesh representing only half bridge has been considered. As opposed 
to the strip-model, eight sets of solid elements along the width of the arch have been utilised 
allowing the representation of the transverse behaviour of the bridge and a more realistic 
description of the contribution of the lateral walls. To represent the development of 
continuous longitudinal cracks, nonlinear interface elements simulating the formation of 
cracks in masonry bricks have been introduced within the mesoscale description for the 
masonry elements. More specifically, large elastic stiffness values Kn = 10000 N/mm3 and Kt 
= 10000 N/mm3 [12] and the inelastic properties for brick-brick interfaces in Table 2 are 
employed to describe potential shear and tensile cracks within masonry units. The lateral wall 
is modelled with 15-noded solid elements as an extension of the backfill domain. Thus in the 
FE mesh (Figure 37), one longitudinal strips of solid elements represents the lateral wall, and 
the remaining seven the backfill. The dimension of the solid elements for the lateral wall 
along z corresponds to the actual thickness of the wall equal to 330 mm, while that for the 
solid elements of the backfill is 277.5 mm. Fixed supports have been assumed at the 
abutments (bottom of the fill domain on the left and the right of the arch), while the 
transverse displacements (along z in Figure 37) at the nodes on the vertical plane at the bridge 
longitudinal axis have been restrained to allow for the symmetry condition. The same 
material properties employed in the strip-model described in Section 3 have been adopted for 
the masonry barrel and the backfill, while for the masonry spandrel wall, an elasto-plastic 
behaviour with the modified Drucker-Prager yield criterion has been considered. The 
properties of the spandrel wall material are taken as: <RXQJ¶V PRGXOXV Ew =4000 MPa, 
3RLVVRQ¶VUDWLRȞw = 0.20, cohesion cw = 0.20, friction angle Iw = 30°, dilatancy angle Iwd = 
10°. 
 The 3D model comprises 480 20-noded solid elements and 1948 16-noded nonlinear interface 
elements for the arch, 2035 15-noded solid elements for the backfill and the lateral walls, and 
240 interface elements at the boundary between the arch and the fill. This corresponds to 
77,493 degrees of freedom which makes the nonlinear analysis of the bridge impractical 
when using conventional computational resources with a serial code. Thus to improve 
computational efficiency, a partitioning scheme has been considered. This has been generated 
using Caim, a semi-automatic mesher developed at Imperial College [33]. A total of 36 
partitions has been used, with 8 child partitions for the masonry domain and 10 child 
partitions for the backfill. Figure 37 shows the deformed shape at the last step of the 
nonlinear analysis, while Figure 38 depicts the applied load against the vertical displacement 
at mid-width quarter span of the arch barrel, where a good comparison is achieved against the 
experimental results. It is also worth noting that the bridge model with attached spandrel 
walls exhibits significantly higher stiffness and peak load compared to the previous model 
with detached spandrel walls (Figure10), where the peak load is increased by more than 30%. 
Figure 39 shows the plastic work contours in the interface elements of the arch barrel. The 
mechanism is similar to that observed in the strip model, with radial cracks developing below 
the load, at the two springings, and at three quarter span. Figure 39 shows the displacements 
at the quarter span along the arch width at different loading levels. It can be seen that by 
increasing the load, the displacement distribution becomes less uniform, and the 
displacements close to the spandrel walls become notably lower than those at the mid-width 
of the arch. This is a consequence of the transverse effects and the interaction with the lateral 
walls, leading to higher values of the displacement of the arch barrel at the bridge mid-width, 
i.e., at the farthest location from the walls. The wall-backfill interaction and transverse effects 
give rise to notable plastic deformations in the backfill (Figure 41) and normal stresses in the 
arch (Figure 42) along the transverse direction. At higher loading level these latter may 
induce the development of longitudinal cracks in the arch barrel. Finally, Figures 43 and 44 
show respectively the normal stresses along the longitudinal direction and the plastic 
deformations in the spandrel walls at the last step of the analysis. Significant plastic 
deformations, corresponding to formation of cracks, occur in the spandrel wall, at locations 
which are consistent with those observed in the experimental test. 
 6. Conclusions 
In this paper, the potential and accuracy of a newly developed detailed modelling strategy for 
masonry arch bridges with backfill and spandrel walls has been shown. Initially, a simplified 
and efficient strip-model, developed assuming detached and rigid spandrel walls, has been 
used in numerical-experimental comparisons on the structural response of a brick-masonry 
bridge. It has been shown that the proposed model enables an accurate prediction of the 
cracking in the arch and the actual collapse mechanism providing a good estimate of the 
initial stiffness and the load capacity. In this respect, the contribution of the backfill is 
critical, where explicit modelling of the backfill domain including its elastic and plastic 
characteristics is required to achieve realistic results. Moreover, it has been found that the 
representation of the physical interface between the arch and the backfill plays a significant 
role, and an adequate nonlinear description allowing for separations and plastic sliding should 
be used for taking into account its contribution. 
The strip-model has been used in a comprehensive parametric study to analyse the influence 
of the backfill material and brickwork parameters on the response, along with the effects of 
the loading position, the geometrical characteristics of the arch and potential movement at the 
abutment. It has been found that varying the fill parameters within realistic limits can lead to 
a significant change of the initial stiffness and the ultimate load, but not in the collapse 
mechanism. On the other hand, defects in the brickwork may cause more substantial changes 
in the response, where the cracking pattern is governed by ring separation which leads to a 
notable reduction of the load capacity. Similar to brick-masonry arches without backfill, the 
loading position and the arch shape influence the development and location of the cracks in 
the arch, where ring separation can occur in shallow arches also with good quality brickwork. 
The influence of abutment settlements has also been investigated, showing the formation of 
different failure mechanisms for the various imposed movements. These mechanisms 
generally show a more ductile response when compared with the failure behaviour of 
masonry arches caused by support movements, which is more brittle. Moreover, vertical 
settlements at the base of the abutments influence significantly only the initial global stiffness 
of the bridge, but do not affects considerably the capacity against vertical loading. This is 
again the effect of the ductile behaviour of the fill material, allowing the redistribution of the 
loads after the formation of the first cracks in masonry following the initial settlements. 
Finally, the case of the bridge with attached spandrel walls has been analysed by considering 
an accurate 3D model, which is required to describe accurately the transversal behaviour. The 
 analysis results provide significant information on the interaction between the different 
bridge components, leading to a complex longitudinal and transverse response. In general, 
spandrel walls provide a significant contribution to the stiffness and load capacity of the 
bridge, and they also influence notably the transverse distribution of the loading. The 
discrepancy between the experimental and numerical force-displacement response curve 
suggests that the model employed for describing the spandrel walls should be improved, and 
that the use of a mesoscale approach also for these elements should be investigated. The 
three-dimensional modelling approach presented in this study is very useful for evaluating the 
safety of bridges characterized by a complex behaviour which cannot be described by 
employing simplified modelling approaches. It can also be used for calibrating and validating 
these simplifying models, and can be extended to allow the analysis of the behaviour of large 
multi-span masonry arch bridges under vertical loadings or other type of critical loadings 
such as those induced by floods. 
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LIST OF SYMBOLS  
 
Latin upper case letters  
  
C Cohesion of interfaces 
 D Parameter controlling the shape of the cap surface 
Eb <RXQJ¶VPRGXOXVof brick 
Ef <RXQJ¶VPRGXOXVof fill 
Ew <RXQJ¶VPRGXOXVof spandrel walls 
F1 Hyperbolic plastic surface (tension and shear) 
F2 Hyperbolic plastic surface (cap model in compression) 
F1,DP First yield surface (Drucker Prager cap model) 
F2,DP Second yield surface (Drucker Prager cap model) 
G1,DP First plastic potential (Drucker Prager cap model) 
G2,DP Second plastic potential (Drucker Prager cap model) 
Gf,I Mode-I (shear) fracture energy 
Gf,II  Mode-II (shear) fracture energy  
Gm  Mortar shear modulus  
I1 First invariant of stress tensor 
J2 Second deviatoric invariant of stress tensor 
Kn  Elastic (initial) normal stiffness of interfaces 
Kt  Elastic (initial) tangential stiffness of interfaces 
Q1 Plastic potential related to F1 
Q2 Plastic potential related to F2 
Q1,DP  
Wpl1, Wpl2 Distinct historical parameters (plastic works)  
 
 
Latin lower case letters  
    
cf Cohesion of Drucker Prager cap model 
cw Cohesion of spandrel walls 
D Displacement of footing in model of Terzaghi experiment  
K Parameter controlling the shape of the Drucker Prager yield surface 
kd Parameter controlling the shape of the Drucker Prager plastic 
potential 
Q Distributed load acting of footing in model of Terzaghi experiment  
R Radius of the circular cap in the Drucker Prager cap model 
 
 
Greek lower case letters  
  
D Parameter controlling the shape of the Drucker Prager yield surface 
Dd Parameter controlling the shape of the Drucker Prager plastic 
potential 
ș Parameters governing the shape of the cap surface 
vb Poisson ratio of brick Ȟf Poisson ratio of fill Ȟw Poisson ratio of spandrel walls 
[ Parameter related to I1 
c[  Centre of the circular cap in the Drucker Prager cap model 
[ max Maximum allowed value of [  under isotropic tensile stresses for 
Drucker Prager surface 
U Parameter related to J2 
 Uf  Unit weight of fill 
Um  Unit weight of masonry 
V Normal stress 
Vc Compressive strength of masonry 
Vt Tensile strength of masonry joint 
WxWy Shear stresses 
I Friction angle of interfaces 
Iw Friction angle of spandrel wall 
Iwd Dilatancy angle of spandrel wall 
M
 f Angle of friction of Drucker Prager cap model 
M
 d Dilatancy angle of Drucker Prager cap model 
F Cap value of [ under isotropic tensile stresses ߰ Dilatancy angle of interfaces 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Table 1: Principal dimensions for Bridge 3-1 and Bridge 3-3 
 
 
Table 2: Mechanical properties for nonlinear interfaces 
 Surface F1 Surface Q1 
Mortar-brick 
interface 
C = 0.29N/mm2 C =0.29N/mm2 
ıt = 0.20N/mm2 ıt =0.20N/mm2 
tan׋ = 0.50 tan߰=0.00 
Gf1 = 0.02N/mm Gf1 = 0.02N/mm 
Gf2 = 0.125N/mm Gf2 = 0.125N/mm 
Arch-backfill 
interface 
C = 0.0029N/mm2 C =0.0029N/mm2 
ıt = 0.0020N/mm2 ıt =0.0020N/mm2 
tan׋ = 0.60 tan߰=0.60 
Gf1 = 1000N/mm Gf1 = 1000N/mm 
Gf2 = 1000N/mm Gf2 = 1000N/mm 
Brick-brick 
interface 
C = 2.80N/mm2 C = 2.80N/mm2 
ıt = 2.00N/mm2 ıt = 2.00N/mm2 
tan׋ = 1.00 tan߰ = 1.00 
Gf1 = 0.08N/mm Gf1 = 0.08N/mm 
Gf2 = 0.50N/mm Gf2 = 0.50N/mm 
 
 
Arch 
Span (mm) Rise (mm) Ring thickness (mm) Width (mm) 
n. of 
bricks 
3000 750 215 2880 (Bridge 3-1) 3540 (Bridge 3-3) 48 
Backfill Depth at crown (mm) Width (mm) Length (mm) 300 2880 2460×2+3000 
Spandrel walls 
(Bridge 3-3) 
Depth at crown (mm) Width (mm) Length (mm) 
300 330 2460×2+3000 
  
(a) 
dz 
V
Gf,I
 
(b) 
Figure 1: Material description for nonlinear interface elements: (a) yield functions and plastic 
potentials, (b) traction-separation curves in tension [11] 
 
 
 
 
  
[max 
U0 
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V V 
V 
Mohr-Coulomb 
Drucker-Prager outer 
edges 
Drucker-Prager inner 
edges 
 
(b) 
Figure 2: (a) Representation of the multi-yield surface in the meridional plane; (b) 
Deviatoric-plane section of the Mohr±Coulomb surface and the corresponding Drucker±
Prager approximations. 
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(a) 
 
(b) 
Figure 3: (a) Equivalent von Mises plastic deformations for a maximum displacement d = 40 
mm obtained by considering the DP model fitted to the MC inner edges, (b) numerical load-
displacement curves and analytical estimates of the load-bearing capacity. 
 
 
 
Figure 4: Modelling arch-fill interaction using  
2D nonlinear interface elements 
 
Figure 4: Modelling arch-fill interaction using 2D nonlinear interface elements 
Backfill 
(15-noded wedge elements) 
  
Masonry arch 
(20-noded brick +  
16-noded interface elements) 
  
Physical interface between arch 
and backfill 
(16-noded interface elements) 
  
 MC 
  
 
Figure 5: Domain partitioned modelling approach for masonry arch bridges 
 
 
 
 
Figure 6: Geometric characteristics and loading arrangement for Bridge 3-1 
 
 
 
Figure 7: Failure mechanism of Bridge 3-1 [17] 
 
3D mesoscale description 
 for the masonry arch 
  
 
 
 
 
 
Figure 8: FE mesh for Bridge 3-1 
 
 
 
 
 
Figure 9: Deformed shape at the last step of the analysis for Bridge 3-1 
 
 
 
 
 
Figure 10: Experimental-numerical comparison for Bridge 3-1 
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(a) 1st radial crack P = 80kN (b) 2nd radial crack P = 240kN 
 
 
 
  
(c) 3rd radial crack P =  372kN (d) 4th radial crack P = 402kN 
  
(e) Final step 
 
Figure 11: Plastic work Wpl1 (N/mm) contours at (a) 1st radial crack P = 80kN, (b) 2nd radial 
crack P = 240kN, (c) 3rd radial crack P = 372kN, (d) 4th radial crack P = 402kN and (e) at the 
final step of analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
(a) P = 80kN 
  
(b) P = 240kN 
  
(c) P = 372kN 
  
(d) P = 402kN 
  
(e) Final step 
 
Figure 12: Equivalent von Mises plastic deformations in the backfill at (a) P = 80kN, 
(b) P = 240kN, (c) P = 372kN, (d) P = 402kN and (e) at the final step of analysis 
 
 
 
  
 
Figure 13: Numerical comparisons among the strip-model and models allowing only for the 
arch contribution 
 
 
Figure 14: Numerical results considering a linear elastic backfill domain (Str_Ef). 
 
  
Figure 15: Numerical results considering rigid interfaces (Str_Ri) between the arch and the 
backfill. 
 
 
 
 
 
 
(a) 
 
(b) 
 
(c) 
 
Figure 16: Influence of the EDFNILOO <RXQJ¶V PRGXOXV (Ef) on the (a) bridge response, (b) 
ultimate load, and (b) initial stiffness 
 
  
(a) 
 
(b) 
 
(c) 
 
Figure 17: Influence of the backfill cohesion (cf) on the (a) bridge response, (b) ultimate 
load, and (c) secant stiffness 
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(b) 
 
(c) 
 
Figure 18: Influence of the backfill friction angle (ĳf) on the (a) bridge response, (b) ultimate 
load, and (c) secant stiffness 
 
 
  
 
Figure 19: Load displacement curves for different types of backfill 
 
 
 
 
 
 
 
  
(a) 
  
(b) 
 
Figure 20: Equivalent von Mises plastic deformations for the (a) limestone and (b) clay 
backfill at peak load 
 
 
  
  
(a) 
  
  
(b) 
 
Figure 21: Plastic work Wpl1 (N/mm) in the interface elements for (a) limestone and (b) clay 
backfill at peak load 
 
 
 
 
 
 
 
Figure 22: Influence of defects in the brickwork on the load-displacement response 
 
 
  
 
(a) 
 
  
(b) 
 
Figure 23: Contours at final step of the analysis for (a) Equivalent von Mises plastic 
deformations in the backfill; (b) interface plastic work Wpl1 (N/mm) in the arch barrel for a 
masonry bridge with defects in the brickwork  
 
 
 
 
(a) 
(b) 
(c) 
 
Figure 24: FE models with different loading positions (a) 1/2 span, (b) at 1/4 span, and (c) 
1/8 span 
 
 
 
  
 
Figure 25: Influence of loading position on the bridge response 
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(b) 
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(c) 
Figure 26: Interface plastic work Wpl1 (N/mm) contour for different loading positions (a) 1/2 
span, (b) at 1/4 span, and (c) 1/8 span 
 
 
  
 
 
Figure 27: Influence of support movements on the bridge response 
 
 
 
 
 
(a) Vertical settlement of support 
  
(b) Horizontal spread of support 
 
 
(c) Horizontal inward of support 
 
Figure 28: Equivalent von Mises plastic deformations in the backfill for Bridge 3-1 subject to 
different abutment displacements 
 
  
 
 
 
(a) Vertical differential settlement of support 
 
 
(b) Horizontal spread of support 
 
 
(c) Horizontal inward movement at the abutment 
 
Figure 29: Plastic work Wpl1 (N/mm) contour in the interface elements in the backfill for 
Bridge 3-1 subject to different abutment displacements  
 
 
 
Figure 30: Effects of vertical settlement of left support 
  
 
 
 
 
 
(a) After the application of 2.5 mm 
vertical settlement 
 
 
(b) When vertical displacement = 4 mm 
 
Figure 31: Plastic work Wpl1 (N/mm) contours for Bridge 3-1 (a) after the application of 2.5 
mm vertical settlement, (b) when vertical displacement = 4 mm 
 
 
 
 
  
(a) After the application of 2.5 mm vertical settlement 
 
  
(b) When vertical displacement = 4 mm 
                              
Figure 32: Equivalent von Mises plastic deformations in the backfill for Bridge 3-1 (a) after 
the application of 2.5mm vertical settlement, (b) when vertical displacement = 4mm 
 
 
 
 
 
 
 
  
(a) After the application of 5 mm vertical 
settlement 
 
(b) When vertical displacement = 4 mm 
 
Figure 33: Plastic work Wpl1 (N/mm) contours for Bridge 3-1 (a) after the application of 
10mm vertical settlement, (b) when vertical displacement = 4mm 
 
 
 
 
 
 
 
 
  
(a) After the application of 5 mm vertical settlement 
 
  
(b) When vertical displacement = 4 mm 
 
Figure 34: Equivalent von Mises plastic deformations in the backfill for Bridge 3-1 (a) after 
the application of 5mm vertical settlement, (b) when vertical displacement = 4mm 
 
 
  
 
(c) After the application of 10 mm 
vertical settlement 
 
 
(d) When vertical displacement = 4 mm 
 
Figure 35: Plastic work Wpl1 (N/mm) contours for Bridge 3-1 (a) after the application of 
10mm vertical settlement, (b) when vertical displacement = 4 mm 
 
 
 
 
 
 
(a) After the application of 10 mm vertical settlement 
  
(b) When vertical displacement = 4 mm 
 
Figure 36: Equivalent von Mises plastic deformations in the backfill for Bridge 3-1 (a) after 
the application of 10 mm vertical settlement, (b) when vertical displacement = 4mm 
 
 
 
 
 
  
Figure 37: Deformed shape of Bridge 3-3 at last step of analysis 
 
 
 
Figure 38: Load-displacement curves at quarter span of Bridge 3-3 
 
 
 
 
 
 
 
Spandrel wall 
  
  
 
  
(a) 1st radial crack P = 121 kN (b) 2nd radial crack P = 374 kN 
 
  
 
  
(c) 3rd radial crack P =  557 kN (d) 4th radial crack P = 672 kN 
   
(e) Final step 
 
Figure 39: Plastic work Wpl1 (N/mm) contours at (a) 1st radial crack P = 121 kN, (b) 2nd 
radial crack P = 374 kN, (c) 3rd radial crack P = 557 kN, (d) 4th radial crack P = 672 kN and 
(e) at the final step of analysis.  
 
 
  
Figure 40: Displacements (in mm) along the arch width (z direction) at different loading 
levels for the 3D model of Bridge 3-3 
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(a) P = 121 kN 
  
(b) P = 374 kN 
  
(c) P = 557 kN 
  
(d) P = 672 kN 
  
(e) Final step 
 
Figure 41: Equivalent von Mises plastic deformations in the backfill at (a) P = 121 kN, 
(b) P = 374 kN, (c) P = 557 kN, (d) P = 672 kN and (e) at the final step of analysis 
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Figure 42: Stress contour for the masonry arch barrel of the 3D model of Bridge 3-3 
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Figure 43: Spandrel wall longitudinal stresses (ıxx) contour 
 
Figure 44: Spandrel wall equivalent Von Mises plastic deformations 
